ABSTRACT The 5'-terminal triphosphate of the 35S RNA isolated from Rous sarcoma virus is blocked by 7-methylguanosine in 5' linkage with the penultimate nucleoside which is methylated in the 2'-O-ribose position, a type of endgroup found in all animal mRNAs investigated during the past year. The specific nuclease-resistant terminal fragment of RSV RNA has the structure 7mG5'ppp5'GmpCp. This finding supports the belief that RNA of Rous sarcoma virus represents a (+) strand messenger which may be directly translated upon infection. The mode of biosynthesis of RNA from nucleoside triphosphates suggests that the 5' end of the chain should be phosphorylated, and this was found to be the case for the RNA phages and several animal viruses, but not the typical plant viruses studied (1-3). The report of unphosphorylated adenosine at the 5' end of Rous sarcoma virus (RSV) RNA (4) thus seemed unusual for an animal virus. Yet our attempts to find (p)ppN termini in RSV collected at standard times and within 3 min after its release from the cell also gave negative results (5). Recently, data were reported showing that a novel blocking group existed on the 5'-triphosphate ends of various mRNAs, namely 5'-linked 7-methylguanosine (6-10). It appeared to us that such a terminus was possible also in RSV RNA and could account for the radioactivity remaining at the origin of the thin-layer chromatography plates used in our earlier study (5). The present paper presents evidence that all 35S subunits, presumably the viral genome of RSV RNA, have a 5' endgroup similar to that now reported for many cellular and viral mRNAs, namely, 7mG5'ppp5'GmpCp-.
supports the belief that RNA of Rous sarcoma virus represents a (+) strand messenger which may be directly translated upon infection. The mode of biosynthesis of RNA from nucleoside triphosphates suggests that the 5' end of the chain should be phosphorylated, and this was found to be the case for the RNA phages and several animal viruses, but not the typical plant viruses studied (1) (2) (3) . The report of unphosphorylated adenosine at the 5' end of Rous sarcoma virus (RSV) RNA (4) thus seemed unusual for an animal virus. Yet our attempts to find (p)ppN termini in RSV collected at standard times and within 3 min after its release from the cell also gave negative results (5) . Recently, data were reported showing that a novel blocking group existed on the 5'-triphosphate ends of various mRNAs, namely 5'-linked 7-methylguanosine (6) (7) (8) (9) (10) . It appeared to us that such a terminus was possible also in RSV RNA and could account for the radioactivity remaining at the origin of the thin-layer chromatography plates used in our earlier study (5) . The present paper presents evidence that all 35S subunits, presumably the viral genome of RSV RNA, have a 5' endgroup similar to that now reported for many cellular and viral mRNAs, namely, 7mG5'ppp5'GmpCp-.
MATERIALS AND METHODS
Preparation of Labeled RSV RNA. 32p-or 3H-labeled RSV RNA preparations were obtained as previously described (5), with minor changes in technique which facilitated the isolation and increased the efficiency of incorporation of the 32p isotope. Preparations containing over 10 X 106 cpm of 32P in 35S (melted) RNA, with a specific aictivity of 1 MCi/Mg, starting with 50 mCi, were thus possible. Specifically, the exceptions to the previously described technique were: (i) Cells infected with RSV (Prague B strain) were grown in 150-cm2 tissue culture flasks and labeled with 10 mCi Of 32p (ICN Pharmaceuticals, Inc.) per flask for 12-14 hr. The virus containing medium was collected and pooled every [4] [5] [6] (11) except that oxidation was in 0.01-0.02 M NaIO4; After fl-elimination of the enzyme-resistant fragment, the solution was either spotted onto Whatman 3MM and chromatographed in solvent A, where pppNp compounds remain at the origin; or it was passed through a small pasteur pipet containing 6 X 10 mm of AGI-X2 Cl-form (Bio-Rad Lab.), where the fieliminated oxidized nucleosides were eluted with water; the eluate was concentrated, made 1 M in HC1, and heated at 1000 for 1 hr. The HC1 was then removed, and the residue analyzed by paper electrophoresis and paper chromatography in solvent A.
Electrophoresis and Chromatography. Separation of products relied largely on paper electrophoresis in pyridine acetate as described (5) RSV RNA. RNA was digested with ribonucleases T1 and T2 and pancreatic RNase A, followed by bacterial alkaline phosphatase. Samples were analyzed by paper electrophoresis, cutting in 1 cm strips, and Cerenkov counting (broken line). Fractions 9 through 14 were eluted with 1 ml of H20 and redigested with the same four enzymes and analyzed again in the same manner (solid line). All other fractions yielded only inorganic phosphate when redigested and analyzed (data not shown).
RESULTS
In a typical experiment, RSV RNA (30-35S) containing 16 X 106 cpm was degraded with the standard nuclease-phosphatase procedure, and then subjected to electrophoresis at pH 3.5. A small radioactive peak was noted 9-14 cm from the origin (between Ap and Gp markers), besides radioactivity at the origin and some trailing along the entire path to the great bulk of inorganic phosphate at the anodic end of the paper (Fig. 1) . Material from this peak, as well as from segments of the rest of the paper strip, were eluted. Each of the eluates was again digested with the same four enzymes, and again electrophoresed. Only the small peak between Ap and Gp remained largely unchanged by this treatment, all others yielding only inorganic 32p. The electrophoretic pattern of this nuclease-and phosphatase-resistant fragment is also shown in Fig. 1 . The amount of radioactivity in this fragment was 6400 cpm after decay correction, and represented 0.04 (o0.004)% of the total counts of the RNA.
The composition of this fragment was determined after digestion with snake venom phosphodiesterase at pH 7.2. It appeared that unusual amounts of enzyme were required to obtain nearly complete digestion. The phosphodiesterase digest was analyzed by electrophoresis and chromatography. Four quantitatively similar radioactive spots were electrophoretically separated ( Fig. 2A) , located in the areas of guanylic acid, cytidylic acid, inorganic phosphate, and the origin, which is also the location of 7-methylguanylic acid. The latter was not eluted and counted in strips for Cerenkov radiation, but directly subjected to chromatography in solvent B, where the radioactivity moved with a 7mpG marker (see Fig. 2B ). The identity of the 32P material coelectrophoresing and cochromatographing with 7mpG was further proven by alkaline hydrolysis, which transformed both the 32P and the added authentic 7mpG marker to material electrophoresing like guanylic acid (Gp), the result of ring-opening of 7mpG which leads to loss of the strongly basic quaternary N7 group (see Fig. 3 ). Other strongly basic alkyl nucleotides (such as those of imA; 3mC; N2,7mG; N22,7mG) appear to be excluded by these chromatographic and, after alkali-treatment, electrophoretic properties' (13) .
The radioactivities associated with the cytidylic acid and guanylic acid areas of Fig. 2A Another minor degradation product of the nuclease-and phosphatase-resistant fragment was detected in the pU area ( Fig. 2A) . This peak was variably small in different experiments, and we tend to agree with others (7) that this product may be due to incomplete diesterase action. In that case it may be 7-methylguanosine 5'-diphosphate or 2'-O-methylguanosine 5'-diphosphate, although the existence of a small amount of pU as the third base instead of pC has not been ruled out.
A quantitative analysis shows that the three main twodimensionally purified digestion products have similar radioactivity (500-600 cpm). Closer stoichiometric relationship results (600, 640, and 660 cpm for pC, pGm, and 7mpG, respectively) if the counts in the pG area (160 cpm) are assumed to be derived from 7mpG and are added to it, and if the counts in the pU area (about 70 cpm) are assumed to be ppGm and half of them are added to this product. The radioactivity in the inorganic phosphate area (800 cpm) can be considered proportional to the nucleotides, considering that only the Pi was not subjected to a two-dimensional purification procedure. This value would also tend to be high if the snake venom diesterase retained traces of phosphatase or 5' nucleotidase, and caused slight dephosphorylation, particularly of pC.
As stated earlier, the total radioactivity in the nucleaseand phosphatase-resistant fragment was 0.04% of the total. Since this fragment is now shown to contain four phosphate groups, the approximate chain length of the RNA is 10,000 and the molecular weight based on this terminus is about 3.2 X 106, in good accord with earlier conclusions by us and most others (5, 14, 15) .
The question of the exact structure of this group remains to be considered. By analogy to the conclusions of others, not always strongly supported by data, one tends to postulate the sequence 7mG5'ppp5'GmpCp-. The terminal position and the 5' linkage of the 7-methylguanosine was shown by #-elimination after periodate oxidation, which was carried out both with 3H-labeled intact poly(A)-minus 35S RSV RNA and with the 32P, 3H doubly-labeled nuclease-and phosphatase-resistant fragment. In the first type of experiment, 3H label was found in the 7-methylguanine and 7-methylguanosine areas, as well as in the adenosine area (data not shown), which, incidentally, confirms our earlier conclusion that adenosine is the 3'-terminal residue of the poly(A)-minus 35S RSV RNA (5) . However, the yields were poor in all these analyses for #l-elimination products, and the procedures will have to be improved before quantitative conclusions are possible. Quantitatively better results were obtained in analyzing the elimination products of the nucleaseresistant fragment after hydrolysis to bases. Counts were then found only in cytosine and what appears to be 7-methylguanine (292, 181 cpm). Structural proof for the location of 2'-O-methylguanylic acid in the middle of the nuclease-and phosphatase-resistant fragment appears to come from isolation of the doubly-labeled pppNp residue formed by periodate treatment and al-elimination which remains at the origin upon solvent A chromatography. The finding that this residue was now susceptible to phosphatase treatment and that the 32p of this product (456 cpm) was all inorganic phosphate, proved that the two blocking 3' termini of the fragment, 7mG and C, had been eliminated. The 3H label (308 cpm) was found associated with guanosine or 2'-Omethylguanosine as expected, and not with 7-methylguanosine or cytidine. It appears from these data that the terminal structure of all 35S RSV RNA molecules must be 7mG5'ppp5'GmpCp .
DISCUSSION
The finding of a nuclease-and phosphatase-resistant fragment in RSV RNA resembling such fragments as isolated in the past year from various eukaryotic cellular and viral mRNAs (6) (7) (8) (9) (10) appears to be the first such instance for an intraviral RNA, with the exception of one strand of the reoviridiae (10) . Our data clearly show that this piece is 5'-terminal in the RNA, that it consists of three nucleotides and four phosphates, and that their sequence and linkage are as indicated.
As far as the significance of this finding goes, it appears to support the growing belief that this type of inverted 5' terminus may be a requirement for messenger activity. This in turn implies that RSV RNA is actually a messenger, although it appears to be a rather inefficient one in in vitro systems (16, 17) . Whether the role of this terminus is for protection, recognition, or other purposes remains to be established.
If one wishes to adopt the concept that mRNA activity requires a specially altered 5' terminus, then the first mRNAs to be chemically studied, the RNAs of the plant picorna viruses, would also be expected to carry such ends. This appears to be the case, at least partly, for brome mosaic virus RNA component 4*, and we will shortly report that the RNA of tobacco mosaic virus terminates with a 5'-5' linked 7mG residue.t
These RNAs, as well as RSV RNA, have previously been reported (4, 18, 19) to carry unphosphorylated adenosine as 5' terminal, although for avian myeloblastosis virus a pA-terminus was proposed (20) . These discrepancies remain to be resolved. One possibility is that traces of fragments likely to occur in any RNA preparation may predominantly have 5'-terminal adenosine, because CpA bonds have been reported as being the most labile internucleotide linkages (21) . In evaluating the validity of the earlier and the present findings, it should be noted that for RSV RNA the same terminal sequence as here reported has also recently been independently established by a different method in A. J. Shatkin Singer.
